Introduction
Reducing energy consumption is an important measure for firms to lower costs and increase competitiveness, especially in energy-intensive sectors. In trying to reduce the use of energy in industry, a coordinated approach of multiple stages of the supply chain is more promising than individual, uncoordinated actions taken by the members of the chain. The benefits of coordinated production and replenishment decisions have frequently been studied in the past. So-called joint economic lot size models [1] extend the classical EOQ model to take account of additional cost factors, such as the costs of backorders and lost sales or quality-related costs. Costs associated with the use of energy have, to the best of the authors' knowledge, not been considered in supply chain models before, apart from a preliminary investigation reported in [2] .
In many industries, energy is one of the most important resources. Preserving energy is the best way to ensure a reliable and sustainable energy supply and to reduce greenhouse gas emissions. Energy can be saved by introducing higher levels of energy efficiency throughout the supply chain, which includes the generation of energy, its transmission and distribution as well as an efficient end use.
This work aims at integrating the use of energy in the classical productioninventory costs of a single-vendor single-buyer supply chain. The intention is to investigate the behavior of the main decision variables in the presence of energy costs. The developed model helps managers in the tactical decision on how to coordinate production, distribution and storage in a supply chain to meet economic and environmental (strictly linked to the total energy spent) targets.
2
The system
This study considers an integrated production and inventory system with a singlevendor and a single-buyer, as illustrated in Figure 1 .
In this paper, we assume that energy consumption in the supply chain can be influenced by changing the production rates of the vendor and by determining the size of the warehouses used at both parties. Both decisions influence the use of energy in the supply chain by determining how much energy the machines of the vendor require for processing a product, and how much energy is used for operating the warehouse. The use of energy in production has been studied by [3] , who showed that different production rates result in different levels of energy consumption. In warehousing, especially for products that need particular conditions for proper storage (e.g. food or perishable items), the dimensions of a warehouse directly impact the use of energy, e.g. due to the need to light or cool the facility [4] . Thus, the consumption of energy is influenced by the lot size decision, and it can be weighted with a cost factor and added to the traditional production-inventory costs. The following notation will be used throughout the paper: Moreover, we assume that p>D, i.e. the production rate is higher than the demand rate and stock-outs or shortages are not allowed.
Model
In the following, we develop a model that considers the total costs of producing and distributing a product in a single-vendor single-buyer supply chain and that explicitly takes account of energy costs. We then compare the traditional singlevendor single-buyer system to the system that takes account of energy consumption. The total costs of the traditional single-vendor single-buyer system are formulated as the sum of setup costs, order costs and inventory holding costs for the vendor and the buyer.
In the traditional model, the total inventory costs (TrC(q,n)) are a function of the lot size and the number of shipments, and they are calculated as follows [5] .
Energy costs are formulated as the sum of energy costs during production at the vendor and energy costs caused by storing the products in warehouses at the vendor and the buyer.
As was shown by [3] , energy consumption during production can be divided into fixed energy consumption (costs), which is independent of the production rate, and variable consumption (costs). Fixed energy costs are caused by auxiliary tools of machines which are switched on during standby and which consume energy although the machine is not producing. Variable energy costs, in turn, depend on the production volume that is processed per unit of time. Both types of energy consumption are illustrated in Figure 2 . The fixed component is not affected by a change in the production rate or an increase in the volume of the warehouse, while the variable component increases as the production rate of the machine is increased. Figure 3 illustrates how energy consumption per unit of the product develops in the production rate. It can be seen that if we consider the Specific Energy Consumption (SEC) [kWh/kg], the variable component remains constant for different production rates, while the fraction of the fixed component that is assigned to one unit of the product decreases as the production rate is increased.
A number of studies have been carried out to benchmark energy uses in warehouses [4] . Based on this empirical evidence, especially for refrigerated warehouses, the relationship between SEC and the volume of the warehouse can be modeled as in Figure 4 . Thus, the SEC decreases both in the production rate as well as in the size of the warehouse. In this work, the energy consumption of the production process and the warehouse are formulated with the help of the SEC, which is a well-accepted variable for measuring energy consumption and energy costs. All types of energy consumption, named SEC Vp for the specific energy consumption at the production line of the vendor, SEC Vw for the specific energy consumption at the warehouse of the vendor and SEC Bw for the specific energy consumption at the warehouse of the buyer, are modeled as follows:
The maximum inventory at the vendor is !"#,
, while the maximum inventory at the buyer equals !"#,! ( ) = .
Energy costs are calculated as the energy consumption of the production process, i.e. the specific energy consumption multiplied with the demand and the energy cost (EC Vp ), and the energy consumption of the warehouses, calculated as the specific energy consumption multiplied with the maximum size of the warehouse and the energy cost (EC Vw , EC Bw ), as in the following formula:
The total energy cost is the sum of the three components given in Eqs. (5) to (7):
If energy costs are considered in addition, the total costs are a function of the lot size and the number of shipments, and they are calculated as:
The optimal values that minimize TrC(q,n) are (q * ,n * ), while the optimal parameters that minimize TC(q,n,) are (q ** ,n ** ). Since it is not possible to use the first order conditions to minimize Eq. (9), a numerical analysis is necessary to investigate the behavior of the system.
Numerical Analysis
To study the behavior of the model, we performed a numerical analysis to investigate how the model parameters influence the optimal solution of the energy model. We performed the numerical analysis for a company in the dairy sector of Parmesan production and aging. The high energy consumption in this sector is due to the conditioning of the warehouse, in which milk and cheese are stocked. Table 1 summarizes the data that was used in the analysis. The results of traditional model (minimizing Eq. (1)) and the energy model minimizing Eq. (9)) are summarized in Table 2 . The results illustrate that the proposed energy model leads to a higher profit than the traditional model which does not consider energy costs. The total costs and the energy costs are lower in the energy model than in the traditional model, even if inventory carrying costs are higher. Figure 5 illustrates the trends of the total costs and its two main components as functions of the lot size Q. Figure 6 illustrates the behavior of the two main cost components while varying the production rate. As can be seen, the result is that both cost components (EC and TrC) increase in the production rate, but that the increase in TrC costs (difference between dashed black line and dashed gray line) for the case where the optimal parameters considering energy consumption (q ** , n ** ) are used is much less than the decrease in EC (difference between continuous black line and continuous gray line) while adopting the same parameters. Figure 7 illustrates the trend of the total specific energy consumption, the specific consumption of energy by the warehouse and the specific energy consumption of production as functions of the ratio of the demand and the production rate (D/P). 
Conclusion
This study proposed a variation of the traditional single-vendor single-buyer production inventory model by considering energy cost components for production and for warehousing of items (at the vendor and at the buyer). To model these cost components, we used specific relationship that were found in empirical studies. In particular, the production rate mainly affects the specific energy consumed during the production process, while the size of the warehouse (which is a result of the batch sizing policy) mainly affects the specific energy consumed for properly storing the items at the vendor and at the buyer. The main finding of the study is that it is possible to reduce total costs while accounting for energy components and to obtain consistent saving in energy components, while only a small increase in traditional inventory carrying costs has to be accepted. Moreover, the results of this study are particularly important for energyintensive production processes in which the production rate may be set to a particularly high value.
This study has several limitations. First, it considered a very specific functional relationship to model the impact of the production rate on energy consumption. Other studies have shown that a varying production rate leads to a different pattern of resource consumption [6] [7] , and this may be valid for energy consumption as well. It is obvious that if a different functional relationship is assumed, the results of the model may change. Secondly, this study did not take account of all processes in a supply chain that consume energy (e.g. in [8] the effect on lot sizing decisions of different temperature settings in a cold supply chain is studied). Accomplishing these two and other aspects in an extension of this paper would be helpful to further our understanding of the impact of energy consumption and energy costs on the production and distribution policies of supply chains.
